The Indian Space Research Organization (ISRO) has designed and developed regional navigation system called Indian Regional Navigational Satellite System (IRNSS), to provide positioning and navigation services over the Indian subcontinent. In any navigational system, the positioning accuracy is quite important and it depends on many factors such as multipath, refraction of the signal in the atmospheric layers, satellite-receiver geometry etc. The satellite-receiver geometry can be characterized by a unit-less quantity called Geometric Dilution of Precision (GDoP). In this paper, in order to improve the accuracy of the IRNSS, the satellite-receiver geometry of the IRNSS and Global Positioning System (GPS) combined constellation is investigated using the data of IRNSS and optimum satellites GPS satellites. As the IRNSS is not yet fully operational, the work is carried out with the satellites IRNSS-1A and IRNSS-1B, which are currently operational along with the GPS satellites. In order to select optimum satellites from the combined constellation, a heuristic local search algorithm called Simulated Annealing is used.
Introduction
Any positioning system, like the GPS, need to have a great degree of accuracy, so as to provide precise services to its users. But due to various factors like delay of the signal due to refraction in atmospheric layers during its propagation, error due to satellite clock and delay due to multipath, positioning accuracy might suffer by a few setbacks. Collectively termed User Equivalent Range Error (UERE), can easily be modelled, by adopting some correction algorithms. Another important factor is the satellite-receiver geometry, which along with the UERE, could greatly affect the overall positioning accuracy of the system. The term Geometric Dilution of Precision (GDoP) is a measure of satellite-receiver geometry that relates the spatial location of the satellites with respective to the Global Navigation Satellite System (GNSS) receiver.
The GDoP for any point can be calculated by using the optimum 4 satellites, or with all satellites that are visible to the receiver [1, 2] . Few ways to select a set of satellites from the all the satellites visible to the receiver are mentioned here. A neural network based method called Optimum Interpolative Network is proposed by Jao et al. [3] which selects a subset of satellites from all the satellites visible to the receiver and as there is no matrix inversion, the overall complexity of computation is reduced because this approach is capable of evaluating all subsets of satellites. Evolutionary algorithms like Genetic Algorithm and Particle Swarm Optimization were used for selection of optimum satellites by Mosavi [4] in his research work. With this approach, withoutcomplex matrix inversion, the GDoP can be computed. Analysing the GDoP to determine the target tracking accuracy in 2-D environments has many sporting applications, both indoor and outdoor [5] . As the selection of optimum satellites is complex, the GDoP can be computed with the data of all the visible satellites. This is much simpler than using the optimum 4 satellites, as the complexity involved in selecting the optimum satellites is reduced [6] .
Though GPS is the most widely used system of all the GNSS, owing to its lack of complete accessibility at all times, developing countries such as India and China are designing their own regional navigational systems [7] . The Indian Regional Navigational Satellite System (IRNSS), is one such system proposed by the Govt. of India, to provide two services: the Standard Positioning Service, which is open for civilian use, and the Restricted Service, for military uses. for critical applications like disaster management, precision surveying and CAT-1 aircraft landings over the Indian subcontinent with a coverage of 1500 km around the subcontinent [8, 9] . This paper investigates the best GDoP geometry by selecting the four optimum satellites from standalone GPS constellation and then using GPS and IRNSS combined constellation, to obtain the best GDoP, for improved accuracy of the receiver position. In order to select the optimum satellites, a meta-heuristic local search algorithm known as Simulated Annealing has been used. This work is carried out by collecting the data of a dual frequency GNSS receiver located at International GNSS Service (IGS) Station (NGRI, Hyderabad: Lat/Lon: 17°24 0 39 0 'N/78°33 0 4 0 'E) on 14th December, 2015 and analysed along with the web based IRNSS satellite data [10] .
IRNSS architecture
The Indian Regional Satellite System (IRNSS) which has been designed and developed by Indian Space Research Organization (ISRO), in order to provide reliable positioning service in all weather conditions over the Indian subcontinent. IRNSS is a satellite based regional navigation system which operates independent of current GNSS systems such as GPS [11] .
The IRNSS architecture has three segments:
Ground segment: The ground segment has the facility called as Master Control Center (MCC), to predict and estimate the ephemeris data of the satellites, ionospheric corrections and clock corrections. The ranging information and data from IRNSS satellites are received by IRNSS Ranging and Integrity Monitoring (IRIM) station and this data is transmitted to MCC. The telemetry data of IRNSS constellation is received by Telemetry and Command stations and updates of navigation data is transmitted by MCC on the uplink.
Space segment: In IRNSS space segment constellation, there are 2 geosynchronous orbit satellites at an inclination of 29°N with daily longitudinal equator crossing at 55°E, with two more geosynchronous satellites placed at an inclination of 30.5°N and 28.1°N with daily longitudinal equator crossing at 111.75°E. Along with 4 geosynchronous satellites, three geostationary satellites are placed at 32.5°E, 83°E and 129.5°E longitudes [9, 11] . Transmission of the navigational signals from all IRNSS satellites is in lower S band (2492.08 MHz) and L5 band (1176.45 MHz). It is proposed to augment IRNSS satellites with other satellites to improve the accuracy and coverage, with which 11 satellites will form the constellation [11] . The IRNSS constellation coverage encompasses a longitude from 40°E to 140°E and a latitude region of 40°S to 40°N [8, 9] . In Table 1 , details of the IRNSS satellites are listed.
User segment: The IRNSS receivers will be used over the Indian subcontinent for different services and applications like urban surveying, disaster management and navigation services to Civil aviation aircraft landings. In open standard positioning service (SPS), BPSK modulation scheme is used for signal transmission and for restricted service (RS), binary offset carrier BOC (5,2) modulation is used [9, 12] .
The positioning accuracy can be improved by combining the IRNSS constellation with any of the fully operational GNSS constellation [11] .As an alternative to GPS, in future IRNSS services can be used in wide range of civilian applications for providing positioning services with better accuracy. The IRNSS proposed error budget is Table 2 , which shows the details of error sources along with typical one-sigma errors [11, 13] . The simple and most popular GPS accuracy metric is Sigma level error which defines the error probability within an elliptical contour by 'm' sigma level error and is represented as
With m = 1, the positioning probability is defined in an ellipse of 1r,which is called as one-sigma (1 À r) error [1] .
Geometric dilution of precision
The accuracy of positioning is the measure of the performance of any navigational system. As with any outdoor system, the positioning accuracy is affected by many factors like satellite signal refraction in atmosphere, multipath, error due to satellite clock and visible satellites geometry at the receiver end [14] .
The GDoP is a quality of precision of the navigation solution that measures the cumulative effect of the satellite-receiver geometry that translates the measurement errors into positioning error [15, 16] .
In order to minimise the effect of measurement errors and to improve the positioning accuracy, four optimum satellites are classified from all visible satellites at any instant of time. Classification of the optimum satellites can be done by: Neural Network based methods, Optimization algorithms like Genetic algorithm, Particle swarm algorithm and heuristic search algorithms like Simulated Annealing. In this paper optimum satellites are selected using Simulated annealing, in which computational complexity is reduced than the other methods which require training of the data and matrix inversion.
The pseudo range equation of ith satellite is given by Eq. (1) with 'c' as speed of light and 't r ' as receiver clock offset
where i = 1, 2, 3, 4, (x i ,y i ,z i ) is the ith satellite position and (x r ,y r ,z r ) is the true receiver position. 
the matrix representation of the pseudo range equations is [1] . 
The general representation of the above matrix is
where G is a 4 Â 4 direction cosine matrix, 'Dx' represents the user position, Then Eq. (5) can be written as
If the number of satellites are more than 4 (n > 4), Eq. (6) that represents the system of equations is over determined. Hence, the linear least squares approximation will be the solution to Eq. (6) and is given as Eq. (7) [15] .
From Eq. (7), GDoP is considered as
One of the most popular metric of positioning accuracy in navigation systems is GDoP, which represents the multiplicative effect of the measurement errors.
Then positioning accuracy is given as Eq. (9) Accuracy ¼ GDOP Â E UERE ð10Þ
where E uere represents root sum square of the various errors which is called as error due to User Equivalent Range. The GDoP ratings are given in Table 3 .
Using Eq. (9), the expected one-sigma (1 À r) level GNSS positioning accuracy can be estimated by using the E uere computed with appropriate algorithms and computed GDoP. From Eq. (9), it is clear that better positioning accuracy can be achieved with lower GDoP [16] .
Simulated Annealing
Simulated Annealing (SA) is one of the most flexible techniques to find the optimal solution for very complex problems in which it is necessary to determine global extreme which is to be determined among many other local extreme [17] .
Annealing is the process of heating a solid to very high temperatures, and cooling it to obtain high quality crystals. Simulated Annealing replicates this physical process, and was originally proposed in the domain of statistical mechanics [18] .
Independent research by Kirkpatrick, Gelatt and Vecchi & Cerny revealed certain similarities between the physical process and certain combinatorial optimization problems. The similarity exists in the terms that only one structural combination could give a perfect crystal, which is analogous to having the best outcome out of many possibilities. Additionally, there could be certain control parameters, which can be appropriately modified to get the desired outcome [19] . In the proposed methodology, we can use SA to help in the selection of optimum satellites from the combined constellation [20] .
Steps for Simulated Annealing [20] :
Step 1:
Initializing the cooling parameters Set the initial starting value of the temperature; T > 0;
Set the temperature length; L;
Set the cooling ratio; F;
Set the number of iterations; K ¼ 0
Step 2: Step 3:
Where his a uniform random number 0 < h < 1 OTHERWISE retain the current solution V
Step 4: Updating the annealing parameters using the
Step 5: IF the Stopping criteria is met THEN
Step 6:
Show the output Declare the best solution OTHERWISE Go to step 4:
Results and discussion
The data of a dual frequency International GNSS Service (IGS) station receiver located at Hyderabad (NGRI: Lat/Lon: 17°24 0 39 00 N/78°33 0 4 00 E) for a typical day of 14th December 2015 is collected and processed. Using observation file, the visibility of all satellites for the typical day is computed. Fig. 1 shows the satellites visibility over the receiver on the typical day. Table 2 The IRNSS system error budget [12] .
Type of the error IRNSS one-sigma error (1r) Using the ephemeris data of the Navigation file, satellite positions are simulated for the entire day of 14th December 2015. Fig. 2 shows the sky plot of the satellite positions over the entire day of 14th December 2015.
GDoP due to optimum four satellites of standalone GPS constellation
In GDoP computation using optimum-4 satellites method, selection of Best-4 satellites is based on their elevation angles, which is a time consuming process. In order to select optimum satellites, Simulated Annealing which is a heuristic local search algorithm is used with a cooling factor of 0.95, to get best results. Fig. 3 shows the GDoP computed using the four optimum satellites of the GPS constellation visible satellites for the typical day of 14th December 2015.
GDoP due to optimum four satellites of standalone GPS constellation and IRNSS-1A
As the positioning accuracy of over a region can be improved by augmenting the regional satellite systems like IRNSS with GPS, the effect of augmentation on positioning accuracy is investigated by computing the GDoP using four optimum GPS satellites and IRNSS-1A satellite. Fig. 4 shows the GDoP computed using IRNSS and four optimum GPS satellites for the typical day.
By observing the Figs. 3 and 4, it is found that for most of the epochs, the GDoP is low due to the GPS and IRNSS-1A combination, with which the accuracy of the navigation solution can be improved further. The statistics of the computed GDoP for the typical day of 14th December 2015 is listed in Table 4 below.
From the Table 4 , it is observed that the GDoP due to combined constellation of optimum four satellites and IRNSS 1-A is lower than the standalone GPS constellation. Table 5 gives the details of the optimum four satellites selected using the Simulated Annealing in order to compute the Navigation solution.
From Table 5 , it is clear that the GDOP due to IRNSS & GPS constellation is very less than the GPS only constellation for most of the epochs, which indicates that the positioning accuracy is better with IRNSS& GPS constellation. But it is necessary to verify these results with completely operational IRNSS constellation.
Concluding remarks
The satellite geometry seen by the receiver located in low latitude Indian subcontinent region is quite different from the mid latitude regions like U.S, Europe etc. In low latitude regions, where more number of satellites are visible to receiver, selection of best four satellites is crucial to achieve the better positioning accuracy. In this work, it is observed that at any epoch over the entire day, minimum of seven satellites are visible to the receiver. Hence, in order to reduce the redundancy, in this paper, simulated annealing which is a heuristic local search algorithm is used to select the four optimum satellites from visible GPS satellites. GDoP is computed using the ranging information of these optimum GPS satellites as well as the IRNSS -1A satellite. It is found that the GDoP lowers with the combined GPS and IRNSS constellation for more than 90% of the time over the entire day. Hence, to achieve better positioning accuracy, one can make use of the GPS and IRNSS combined constellation for precise positioning applications. In IRNSS constellation, as satellites are in geostationary and geosynchronous orbits, 
